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Available online 11 September 2016Effective protection against sea lice (Lepeoptheirus salmonis and Caligus elongatus) was documented over
three years during the production of Atlantic salmon (Salmo salar) in ﬂoating enclosures with water intake
at 25 m depth. Moderate to high sea lice abundance in reference groups in open cages conﬁrmed the pres-
ence of infective sea lice copepodites in the surface water around the cages. In the closed cages, sea lice were
only recorded after ﬁsh had been moved between cages with well boats, or when the cages were stocked
with ﬁsh transferred from open cages. When ﬁsh were exposed to sea lice in the closed cages, the recorded
abundance was low and with no signs of sea lice reproduction within the cages. Records of mortality and
growth during the test period indicate that production in closed sea cages is possible without adverse ef-
fects on survival or growth rates.
Statement of relevance: This study demonstrates how a new closed conﬁnement technology provided an ef-
fective protection against sea lice (L. salmonis and C. elongatus), without adverse effects on survival or
growth rates.






The two sea lice species, Lepeophteirus salmonis and Caligus
elongatus, are copepod ectoparasites found on salmonids in seawater
(Boxaspen, 2006; Pike and Wadsworth, 1999). They live and repro-
duce on ﬁsh, but spread by the release of eggs into the seawater.
These eggs hatch and develop into planktonic infective stages
(Costello, 2006). L. salmonis is often referred to as the salmon louse
because it is speciﬁc to salmonids, especially Atlantic salmon
(Salmo salar). C. elongatus is less host speciﬁc and has been collected
from 80 different species (Boxaspen, 2006). Commercial ﬁsh farming
in open net cages leads to increased numbers of susceptible hosts,
and thus to increased reproduction and spread of parasites. This is
both a threat to the affected ﬁsh farms (Costello, 2009) and to wild
ﬁsh populations living in the coastal areas (Taranger et al., 2015;
Torrissen et al., 2013).
The Norwegian salmon industry has experienced increasing difﬁ-
culties with salmon lice (L. salmonis) (Norwegian Food Safety
Authority, 2014), including increased resistance against the most
important chemoterapeutants (Jansen et al., 2016). Norwegian au-
thorities have imposed severe regulations (Directorate of Fisheries,. This is an open access article under2012), and further growth of salmon farming in Norway is restricted
unless the levels of salmon lice are controlled. C. elongatus is also re-
ported to cause skin lesions on Atlantic salmon (Tørud and Håstein,
2008), but due to its broad host range and more sporadic occurrence
this species is not included in the Norwegian surveillance and erad-
ication programmes.
Treatment to control lice infestations in Norwegian salmon farms
increased from 2013 to 2014 (Jansen et al., 2016) and represented in
2014 an estimated average cost of 2-5 NOK per kg produced salmon,
or 9–23% of the total production cost per kg salmon (Iversen et al.,
2015).
Transfer of production from sea to on-shore sites or production in
closed, ﬂoating sea cages have been suggested as a possible solution to
the problems with sea lice. Production in closed conﬁnement systems
may also result in better controlled rearing conditions and more effec-
tive production (Thorarensen and Farrell, 2011), collection and use of
solid waste (Braaten et al., 2010) and a higher level of biosecurity due
to treatment of inlet water. Experimental studies have shown that the
planktonic stages of L. salmonis disperse in the water column, and that
their location is inﬂuenced by factors such as diffusion (Johnsen et al.,
2014), light (Heuch et al., 1995), swimming activity (Heuch and
Karlsen, 1997) and salinity (Bricknell et al., 2006; Heuch, 1995). A
model study (Johnsen et al., 2014) argues that, if nauplia and
copepodites react ﬁrst to light and salinity, the safe depth of water in-
take could be below 10m during summer and below 15 to 20 m during
winter. If the temperature is the factor deciding vertical movement, athe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
42 A. Nilsen et al. / Aquaculture 466 (2017) 41–50safe depth would generally be below 20 m, but with a risk of ﬁnding
nauplii down to N40 m during the winter season. Several studies of
different cage technologies have shown that restricted contact
between salmon and surface water could give reduced infestation
levels, as with submerged cages (Stien et al., 2016) (Korsøen et al.,
2012) or skirts that enclose the upper parts of open pens
(Grøntvedt and Kristoffersen, 2015). C. elongatus is less host speciﬁc,
has a similar life cycle to L. salmonis, but without themobile stages on
the host (Piasecki andMackinnon, 1995). For this study, we assumed
that the vertical distribution of infective C. elongatus could be within
the same range as for the L. salmonis copepodites. To date, effective
sea lice control over longer time periods in closed sea cages has not
been demonstrated.
The main aim of this study was to document the effect of
closed cage technology on sea lice abundance by comparing ﬂoat-
ing enclosures to open pens. The underlying hypothesis was that
the vertical distribution of infective sea lice (L. salmonis and
C. elongatus) is restricted to depths b25 m. Closed cages with
water intake-depth at 25 m were used as test units. To obtain con-
clusive results, production was followed for three years, with
closed cages located at two different sea sites, one with a strong
coastal current and one sheltered site inside a narrow fjord. The
monitoring of growth and mortality was included, and these re-
sults will be brieﬂy described.2. Methods
2.1. The cages
The closed cages with necessary equipment such as ﬂoating sys-
tems, tarpaulin, pumps, inlet, outlet and oxygenation systems were
produced and patented by Akva-Design AS (www.akvadesign.com)
(Fig. 1). The impermeable tarpaulins were suspended in ﬂoating
buoys made of separate elements. The cages were circular with a cir-
cumference of 62–70 m. FromMay to October 2012 (Cage no. 1), the
tarpaulin had a volume of 1550 m3 and depth of 9 m, and fromFig. 1. Design of a closed, ﬂoating tarpaulin covered cage. Water inlet at 25 m depth through a 2
shown in the ﬁgure) surrounded the cage and the tubes to prevent escapees. (Illustration: AkvOctober 2014 to May 2015, the tarpaulins had a volume 3000 m3
and depth of 12 m.
In this study, it was decided to use a ﬁxed intake-depth of 25 m.
This decision was made as a trade-off between avoiding infective
sea lice copepodites, gaining access to warmer water during the
winter season and the technical limitations of the construction
(pipelines, pumps, stability). The hypothesis was that supply of
inlet water from 25m, even without ﬁltration or disinfection, should
provide sufﬁcient protection. This could be counteracted by water
currents transporting infective sea lice to deep water, wind or
waves contaminating the cages with spray of surface water, by sea-
sonal biological changes of sea lice reproduction and dispersion, or
by unforeseen technical problems. During the pilot period, it was
necessary to make several technical adjustments and changes.
Such attempts increase the risk of contact with surface water con-
taminated with sea lice larvae.
The closed cages were supplied with 2 water pumps (2.7–
5.5 kW, Xylem Norway AS), each with a maximum theoretical ca-
pacity from 10 m3·min−1, used in the 1550 m3 cage in 2012, to
20 m3·min−1, used in the 3000 m3 cages during the rest of the
project. The water was pumped from 25 m depth and pushed
into the cages 0.5 m below the surface, to avoid the extra energy
cost of lifting water above sea level. The water was pumped into
the cages without any ﬁltration or other treatment, apart from a
gross ﬁltration (mesh size: 25 mm) to keep out ﬁsh, diving birds
or sea mammals. The water level inside the closed cages was 2–
3 cm above sea level, corresponding to an extra weight of 6-11
MT. This was necessary to push the water out from the cage and
to maintain tarpaulin shape and volume. The speciﬁc water con-
sumption (Q) was estimated by recording the pump frequency
(Hz) and measuring the lifting height (cm) in the inlet tubes,
using a conversion table from the cage manufacturer. Sediment-
able particles (faeces and surplus feed) and dead ﬁsh were col-
lected and pumped in separate tubes from the outlet to the
surface. To prevent escapees the entire tarpaulin with outlet and
pipelines for sludge and dead ﬁsh was covered by a standard
ﬁsh net (not shown in the ﬁgure).5mm ﬁlter. Efﬂuents separated in three fractions: water, sludge and dead ﬁsh. A net (not
a Design AS).
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ply of oxygen through a net of perforated tubes (Akva Design AS)
suspended 1 to 2 m above the outlet. The oxygen level was logged
in each closed cage with a combined oxygen/temperature/salinity
sensor (IQ Sensor Net). Temperatures were recorded daily by sen-
sors connected to the farm data systems (AkvaFarm AS, IQ sensor
net). Supplementary registrations of temperature, oxygen, salinity
and pH were made by the use of a handheld multimeter (SmarTROLL
MP, Tormatic Inc.) with corresponding software InSitu app (InSitu
Inc.). CO2 was measured with an OxyGuard portable CO2 analyser
(Sterner Aquatech AS), or calculated from the measured pH values
(Moran, 2009). In open cages, the water temperature recorded at
4 m depth was used as an estimate of the average water temperature
in the cage.Fig. 2. Location of sea sites in Brønnøy and Bindal, Nordland county, Norway. Site 1: research site
4: research site with only closed cages. (Illustration: A. Tarpai).The open sea cages were commercial standard circular nets
suspended in buoyant tubes with a circumference of 70 to 160 m
(Polarcircle AS, Aqualine AS) with volumes from 5600 to about
30,000 m3. The nets were cylindrical tubes with a cone-shaped
bottom.
2.2. Sea sites and ﬁsh
Four sea siteswere used in the project (Fig. 2). The closed cageswere
located at Sites 1 (Picture 1) and 4 (Picture 4), reference groups in open
cages at Sites 1, 2 and 3. The timing of infestation and the abundance of
sea lice differ between sea sites (Heuch et al., 2011). Therefore, we
stocked reference groups and test groups at the same site when possi-
ble. As a second option, cohort groups in open cages of a commercialwith closed and open cages, Site 2 and 3: commercial siteswith open reference cages, Site
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Site 1 was the only site licensed and equipped to use both closed and
open cages, and the reference groups therewere themost representative
parallels. This was a research site (maximum allowed biomass 300 MT),
located in a strait with strong tidal current andwithout anywell-deﬁned
seasonal thermocline or halocline. At stocking date, the density of smolts
in the closed cageswas low (1.7–5.3 kg·m−3), butwhen density reached
25 to 40 kg·m−3 the cages were emptied and the ﬁsh harvested or
moved to open cages or other closed cages. Because of the biomass re-
strictions at Site 1, some of these groups were moved to open cages at
Site 2 or Site 3. Site 2was a commercial site (maximum allowed biomass
4680 MT) located 2 km north of Site 1, and with the same coastal envi-
ronment. Site 3 was a commercial site (maximum allowed biomass
5080MT), located on the coastline south of Site 1 and 2,with an expected
coastal temperature and salinity proﬁle similar to Sites 1 and 2. In 2014 a
new research site, Site 4 (maximum allowed biomass 600 MT), was
established close to Site 3. This site was located in a fjord, close to the
hatchery, and the National Food Safety Authority (NFSA) licensed Site 4
only to use closed cages. Thus the reference groups for Site 4 had to be lo-
cated at site 3.
The ﬁsh were Atlantic salmon (Salmo salar, of the Norwegian
Salmo breed), all from the same commercial hatchery (Bindalssmolt
AS). All groups were fed commercial pelleted feed according to the
farms' standard operating procedures. The ﬁsh were fed at the sur-
face by automatic feeders. To reduce possible confounders caused
by differences in ﬁsh size or genetics, our study included cohorts
with the same origin, identical light regime and smoltiﬁcation time,
and transferred to seawater at the same date. During the project
from May 2012 to May 2015, ﬁve cohorts of salmon in a total of 20
different cages were included: 11 closed and 9 open cages (Table
1). The closed cages were stocked with 10,700 to 86,895 ﬁsh (size
range 85–4850 g). The open cages were stocked with 15,500 to
166,700 ﬁsh (size range 120 - 5300 g). In total 445,781 smolts were
delivered directly from the hatchery to 6 of the 11 closed cages
(Cages no. 1, 6, 17, 18, 19, 20). The other closed cages (Cages no. 3,
8, 9, 12, 13) were stocked with post-smolts, moved from closed
cages or with post-smolts moved from an open cage (site 3). The
start date was the day of stocking the cages, closing date when emp-
tying the cages (harvesting or moving ﬁsh).Table 1
Group size, time periods, survival rate (SR %) and growth (Thermal Growth Coefﬁcient) from 20
Four different sea sites, 11 closed cages compared to 9 reference groups in open cages,ﬁvediffer
cage, t = number of days, T = average temperature in °C.
Cage no. Table no. Site no. Cage type Cohorts N1 St
1 3 1 Closed 1 Smolt 80,000 03
2 3 1 Open 1 Smolt 20,000 03
3 4 1 Closed 1 Post-smolt 13,350 15
4 4 1 Open 1 Post-smolt 17,054 15
5 4 2 Open 1 Post-smolt 62,500 15
6 5 1 Closed 2 Smolt 80,000 04
7 5 1 Open 2 Smolt 20,000 04
8a 6 1 Closed 2 Post-smolt 10,700 17
9a 6 1 Closed 2 Post-smolt 27,300 17
10 6 3 Open 2 Post-smolt 22,775 17
11 6 1 Open 2 Post-smolt 27,224 22
12 7 1 Closed 3 Post-smolt 33,194 30
13 7 1 Closed 3 Post-smolt 18,545 01
14 7 1 Open 3 Post-smolt 17,832 01
15 8 3 Open 4 Smolt 164,700 24
16 8 3 Open 4 Smolt 166,700 24
17 8 4 Closed 4 Smolt 56,365 19
18 8 4 Closed 4 Smolt 57,010 19
19 8 4 Closed 5 Smolt 86,895 19
20 8 4 Closed 5 Smolt 85,511 19
a In cages 8 and 9 the ﬁsh was moved between the units.2.3. Counting sea lice
Sea lice were counted on anaesthetised or recently killed ﬁsh,
and the results of this study are reported as mean abundance in
each sample. The numbers of lice on each ﬁsh were recorded by
trained personnel at the farm or by the research personnel (Heuch
et al., 2011). The following four categories were used: (1)
L. salmonis and C. elongatus chalimus (attached to the skin), (2)
L. salmonis adult males and preadult males and females, (mobile
lice), (3) L. salmonis adult females and (4) C. elongatus adult stages.
Adult L. salmonis females may be as long as 10–15 mm, often with
long egg strings attached, and are easy to identify. Adult stages of
C. elongatus are smaller, the females are 5–6 mm in length. Female
C. elongatus with egg strings are easily identiﬁed, but males and fe-
males without egg strings are more difﬁcult to differentiate from
preadult stages of L. salmonis. If viewed with magniﬁers they can
be recognised by their characteristic lunules on the frontal segment
(Piasecki and Mackinnon, 1995), but this is seldom possible on live
ﬁsh under ﬁeld conditions. Chalimus stages of C. elongatus can be
identiﬁed by having a longer and more slender frontal ﬁlament
than L. salmonis (Boxaspen, 2006). However, this differentiation is
also difﬁcult and all chalimus were recorded as one group. The
chalimii of C. elongatus develop into adults without any preadult
stages (Piasecki and Mackinnon, 1995). Fish can be infected by
both adult and copepodid C. elongatus and it has been suggested
that C. elongatus can be transferred to farmed salmon from pass-
ing schools of wild marine ﬁsh, leading to immediate infestations
on farmed salmon (Revie et al., 2002). The knowledge of the epi-
demiology of C. elongatus is limited, and the parasite is considered
as less dangerous to both farmed and wild ﬁsh than L. salmonis,
but because these two species are common on farmed salmon in
Norway both species were included in this study.
The Norwegian regulations on counting and eradication of salmon
lice must be followed at research sites as well as at commercial farms
(Directorate of Fisheries, 2012). These regulations identify the maxi-
mum acceptable sea lice abundance, recommended method of sea lice
counting and suggested treatment strategy. In 2012, sea lice were
counted on 10 ﬁsh from each cage; from 2013, 20 ﬁsh were counted
from each cage. All cages should be monitored weekly or every secondcages with Atlantic salmon,monitored in the project period fromMay 2012 to May 2015.
ent smolt groups (cohorts) all from the samehatchery.N1=number ofﬁsh stocked in each
art date Closing date t T Survival (SR %) Growth (TGC)
.05.12 15.10.12 165 9.4 97.1 2.2
.05.12 15.10.12 165 10.2 78.3 2.7
.10.12 12.09.13 332 6.7 92.1 3.0
.10.12 30.08.13 319 6.4 99.8 3.8
.10.12 08.11.13 389 7.8 91.6 3.0
.11.12 17.01.14 439 7.1 75.6 2.4
.11.12 10.01.14 432 7.7 71.1 3.3
.01.14 10.07.14 174 6.1 94.3 3.1
.01.14 22.04.14 95 4.9 99.7 2.9
.01.14 25.06.14 159 6.6 92.8 2.2
.04.14 01.08.14 101 9.4 92.5 2.7
.04.14 01.08.14 93 7.9 99.2 2.6
.08.14 16.01.15 168 9.2 96.9 3.3
.08.14 16.01.15 168 9.7 96.1 3.6
.10.14 16.05.15 204 6.8 99.2 2.6
.10.14 16.05.15 204 6.8 99.1 2.6
.11.14 16.05.15 178 7.3 98.5 3.6
.11.14 16.05.15 178 7.3 98.8 3.6
.11.14 05.05.15 176 7.3 98.7 2.7
.11.14 06.05.15 168 7.3 99.1 2.8
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ture were extremely low or other factors made it undesirable to handle
the ﬁsh, the sampled number of ﬁsh was reduced or sea lice were not
counted.
It is difﬁcult to investigate low sea lice abundance in large ﬁsh
groups (Heuch et al., 2011; Jimenez et al., 2012) and several correc-
tive measures were implemented: (1) at low abundances most ﬁsh
will have no lice, and to document zero levels it is necessary to in-
crease sampling size or the observation time. The cages were
inspected regularly with counts of 10 to 20 ﬁsh from each cage.
Periodically the sample size was increased (≥50 ﬁsh from each
cage), (2) the chalimii stages and small preadult lice are difﬁcult
to identify because of their size, and these groups are most likely
underreported. If the groups are monitored over time as men-
tioned above, chalimii stages will develop into larger, preadult
stages and ﬁnally into large and easily observable adult stages,
(3) the handling of ﬁsh with crowding, dip net and anaesthesia
will increase the possibility for some of the preadult or adult stages
to detach. Lice found in the anaesthetic bath were counted, (4) the
chalimii stages were recorded without differentiating the two sea
lice species. The preadult stages of L. salmonis and the adult stages
of C. elongatus are also difﬁcult to differentiate. When the abun-
dance of C. elongatus is high, the recorded numbers of mobile L.
salmonismay be affected. Reported counts of L. salmoniswere eval-
uated and if necessary reduced to adjust for the possibility of
chalimii and adult male C. elongatus being recorded as L. salmonis,
(5) ﬁnally, it was always necessary to count sea lice in the closed
cages ﬁrst, and to use cage water for the anaesthetic bath to pre-
vent contamination.
A standard procedure for sampling ﬁsh and counting lice recom-
mended from the Norwegian Seafood Federation (NSF) was
employed (Norwegian Seafood Federation, 2013). Fish were collect-
ed as random as possible from the cage, using a crowding net. The
ﬁsh were lifted with a dip net into a tank with sedation (Benzoac®,
2 ml·10 l−1 or Aqua-calm®, 0.5 g·10 l−1) and sedated until swim-
ming activity ceased, they lost vertical balance and the muscular re-
ﬂexes were so reduced that they could be lifted, weighed and handled
without danger of acute stress or physical injury. The sedation water
was changed and the number of sea lice in the water recorded between
each cage. After counting sea lice the ﬁsh were usually weighed and
then released back into the cage or released into a separate tank with
fresh, circulating water to let them regain normal swimming behaviour
before we returned them to the cage. Fish sedated with Aqua-calm
were always killed because it is prohibited to use methomidate to food
producing animals.
2.4. Mortality and growth
Dead ﬁsh were collected and counted by the farm staff, recorded
in farm databases and reported monthly together with lice counts
and information on feed use. The survival rate (SR %) was calculated
as:
SR% ¼ n2=n1ð Þ  100
where n1= number of ﬁsh stocked in the cage at day 1, n2= number
of ﬁsh recorded in the cage at the end of the project. The counting of
ﬁsh through commercial counters in the hatchery or well boats is not
accurate, and retrieval of dead ﬁsh from such large cages will not
provide exact estimates of mortality. Therefore, there were diver-
gences between different estimates of the number of ﬁsh in all
cages. Themost accurate ﬁgures were believed to be the numbers re-
ceived from the hatchery when moving smolt to seawater, alongwith the slaughter reports, so these numbers were used when
possible.
The weight is also difﬁcult to monitor in groups of this size. Con-
sequently, the data used were a combination of ﬁgures from the
farm databases and individual weights recorded when counting
sea lice and at all other samplings performed by the research team.
When ﬁsh groups were harvested, accurate reports on number and
weight distribution were collected from the slaughterhouse. Growth
was calculated as Thermal Growth Coefﬁcient (TGC), from the for-
mula:
TGC ¼ 1000  w21=3−w11=3
 
= T  tð Þ
where w2 is end weight and w1 start weight, T is average tempera-
ture in °C and t is time in days.
2.5. Sea lice treatments and bioassays
Treatment for sea lice in open cages was performed by: (1) in-feed
medication with emamectin benzoate (Slice®) or teﬂubenzurone
(Releeze®), (2) bath treatment with pyrethroids (deltamethrin,
AlphaMax®), (3) bath treatment with organophosfates (azametiphos,
Salmosan®), (4) bath treatment with hydrogen peroxide, (5) mechan-
ical removal of lice by use of high pressure water systems, (6) use of
cleaner ﬁsh (goldsinny wrasse, Ctenolabrus rupestris, or lumpﬁsh,
Cyclopterus lumpus) or with combinations of these treatments. In
some of the open cages, the nets were wrapped in plankton sheeting
(sea lice skirts) to prevent an inﬂux of sea lice larvae at the surface.
Sea lice collected from salmon in open cages were tested with single-
or multiple-dose bioassays in August 2011, November 2012 and August
2013 (Helgesen and Horsberg, 2013; Sevatdal and Horsberg, 2003;
Westcott et al., 2008; Whyte et al., 2013). The choice of therapy, dos-
age and timing of treatments was coordinated with nearby farms
and the participating well boats, in cooperation with the regional
NSF coordinator.
2.6. Fish welfare
All ﬁsh that were handledwere either sedated and handled carefully
or killed by an overdose of anaesthesia or a sharp blow to the head
followed by cutting off the gill arcs. Individuals accidentally injured dur-
ing registration or with signs of severe illness, lesions or deformities
were killed to avoid further suffering.
3. Results
3.1. Sea lice in closed and open cages
We performed 180 sea lice counts (3597 ﬁsh) in closed cages and
197 counts (3729 ﬁsh) in open cages (Tables 3–8). In the 6 closed
cages stocked with smolts (Cages no. 1, 6, 17, 18, 19, 20), only 2 lice
were found; one mobile L. salmonis in Cage no. 6, August 2013, and
one adult C. elongatus in Cage no. 18, March 2015 (Fig. 3., panels c, e).
In 5 closed cages stocked with post-smolts after transfer of salmon be-
tween closed cages at Site 1 (Cages no. 3, 8, 9, 12, 13), the recorded
abundance was higher, with maximum total abundance from 0.05 to
0.32 (Table 2, Fig. 4). The ﬁrst sea lice were found 15 to 66 days after
stocking (Cage no. 3), and infestation persisted up to 253 days after
this (Table 4). The abundance in these closed cages was gradually re-
duced without treatment. Only one chalimus stage of L. salmonis was
found in any of the closed cages (Cage no. 13), 18 days after stocking
the cage with post-smolts in August 2014 (Fig. 4, panel e, Table 7). For
themajority of the closed cages between 70 and 100% of the lice counts
showed no sea lice (Table 2). The exceptions were Cage no. 8 (42%) and
Cage no. 12 (0%). Cage no. 12 was stocked with 33,194 post-smolt
Fig. 3.The abundance of sea lice on salmon smolts in closed and open cages. Side by side panels show closed cages (left panels) and open reference cages (right panels). Panels a to d: Site 1,
panel e: Site 4, Panel f: Site 3. Ch= chalimus, L. salmonis and C. elongatus, Mob= preadult L. salmonis and adult males, L. salmonis, AF= adult females, L. salmonis, Cal = adult C. elongatus.
The ﬁrst lice count after chemical treatment for sea lice is indicated by arrows in top of each panel. The ﬁrst count after chemical treatment is indicated by arrows in the top of each panel.
Cleaner ﬁsh (Cyclopterus lumpus) was also used in open Cage no. 16, panel f. Note the difference in scale in the panels.
46 A. Nilsen et al. / Aquaculture 466 (2017) 41–50(weight 740 g) in April 2014. The ﬁsh was retrieved from an
open cage at site 3, treated for sea lice with a bath of hydrogen
peroxide in the well boat during transport and then released
into the closed cage. Sea lice were found in all the 13 lice counts(May to July), median abundance was 0.15 and most lice were
classiﬁed as mobile L. salmonis (preadult females, preadult and
adult males), with a few adult female L. salmonis and adult C.
elongatus.
Fig. 4. The abundance of sea lice on salmon post-smolts in closed and open cages. Side by side panels show closed cages (left panels) and open reference cages (right panels). Cage no. 10,
panel d: Site 3, all other cages: Site 1. Ch= chalimus, L. salmonis and C. elongatus, Mob = preadult L. salmonis and adult males, L. salmonis, AF = adult females, L. salmonis, Cal = adult C.
elongatus. Theﬁrst lice count after chemical treatment for sea lice is indicated by arrows in top of eachpanel. Cleaner ﬁsh (Ctenolabrus rupestris) and skirtwas also used in open Cage no. 14,
panel f. Note the difference in scale in the panels.
47A. Nilsen et al. / Aquaculture 466 (2017) 41–50The open cages were infested with sea lice throughout most of
the year, with highest abundance from July to November (Picture
2). Chalimii were recorded in most lice counts. The majority of lice
were identiﬁed as L. salmonis, but shorter periods with increasedabundance of adult C. elongatus were recorded. In the 4 open cages
stocked with smolts (Cages no. 2, 7, 15, 16) the maximum abun-
dance varied from 0.10 to 15 (Fig. 3, Table 2, 3,5,8). In the open
cages stocked with post-smolts, maximum abundance of sea lice
48 A. Nilsen et al. / Aquaculture 466 (2017) 41–50varied from 0.24 to 23.6. The highest abundance in open cages was
recorded in Cage no. 4 (23.60) (Fig. 4., panel b), and in Cage no. 7
(15.00) (Fig. 3., panel d). For the majority of lice counts in open
cages between 64 and 100% of the lice counts showed abundance
N0 (Table 2). The exceptions were Cage no. 15 (43%) and Cage no.
16 (53%).
Fish in closed cages were never treated for lice. Different mea-
sures to prevent or treat against sea lice were implemented in all
open cages, see 2.5 Methods. In nine open cages, a total of 21 chem-
ical treatments were used against sea lice; the mean number of
treatments was 2.3, ranging from 0 to 5 (Table 2). Sea lice collected
from Site 1 in November 2012 and August 2013 showed resistance to
the chemoterapeutants commonly used in the region (azametiphos,
deltamethrin, emamectin benzoate). As a result of this, 4 out of 6
open cages with market sized salmon (Cages no. 7, 10, 11, 14)
were harvested earlier than scheduled to eliminate the local popula-
tion of resistant sea lice after repeated and partly unsuccessful
chemical treatments.3.2. Survival rate and growth
In closed cages, the lowest survival rate (75.6%) was recorded in
Cage no. 6 (Table 1). Themajority ofmortalities in this groupwere iden-
tiﬁed as winter ulcers with isolation of the bacteriaMoritella (Aliivibrio)
viscosa and Tenacibaculum sp., andmortality peaked from January 2013
to April 2013. In the other closed cages, survival ranged between 92.1
and 99.1%.
In the open cages, the lowest survival ratewas recorded in Cage no. 7
(71.1%) and in Cage no. 2 (78.3%). In both cases, the mortality was
caused by toxic side effects of bath treatments (azametiphos or
deltamethrine) against sea lice. In the other open cages, the survival
rates were between 94.0 and 99.2%.
The lowest growth rate was recorded in the ﬁrst closed cage
with 80,000 smolt (TGC = 2.2), in the open Cage no. 10 with
22,775 post-smolt (TGC = 2.2) and in the closed Cage no. 6
with 80,000 smolt (TGC = 2.4). In the other closed cages, TGC
ranged between 2.6 and 3.6 and in the open cages between 2.6
and 3.8.Table 2
Summary of sea lice counts in closed and open cages, May 2012 to May 2015. Number of
sea lice counts in each cage, % of sea lice counts with total abundance= 0 and % of counts
with total abundance N 0, maximum abundance recorded in each cage and sum of chem-

















Closed Smolt 1 1 20 100 0 0.00 0
Closed Smolt 1 6 47 98 2 0.05 0
Closed Smolt 4 17 7 100 0 0.00 0
Closed Smolt 4 18 9 89 11 0.05 0
Closed Smolt 4 19 7 100 0 0.00 0
Closed Smolt 4 20 6 100 0 0.00 0
Closed Post-smolt 1 3 34 79 21 0.32 0
Closed Post-smolt 1 8 12 42 58 0.24 0
Closed Post-smolt 1 9 5 80 20 0.06 0
Closed Post-smolt 1 12 13 0 100 0.20 0
Closed Post-smolt 1 13 20 70 30 0.05 0
Open Smolt 1 2 26 4 96 4.00 2
Open Smolt 1 7 44 5 95 15.00 5
Open Smolt 3 15 14 57 43 0.20 1
Open Smolt 3 16 15 47 53 0.10 1
Open Post-smolt 1 4 33 0 100 23.60 3
Open Post-smolt 2 5 25 12 88 13.25 5
Open Post-smolt 3 10 9 0 100 3.75 2
Open Post-smolt 1 11 11 36 64 0.24 0
Open Post-smolt 1 14 20 5 95 2.75 23.3. Water ﬂow and quality
Temperatures in the cages depended on cage type, season and
site. In the open cages, temperatures ﬂuctuated with depth, in
closed cages, the temperatures were always homogenous from the
surface to the bottom of the tarpaulin. The temperature in closed
cages at Site 1 was similar to the open cages from mid-September
to mid-May, but 1–2 °C lower during the summer. At Site 4, there
was a thermo- and halocline during winter, with 0.5 °C higher aver-
age temperature in closed cages compared to the open reference
cages at Site 3 (Table 8). In all open and closed cages, recorded salin-
ity was N30 ppt.
The total exchange rate of the water volume in the closed cages was
reduced from 250 min (in 2012 and 2013) to 120 min (in 2014 and
2015). Recorded levels of CO2 were b15 mg CO2·l−1 except in closed
Cage no. 1 (August to October 2012) and in Cage no. 6 (December
2013 to January 2014).
4. Discussion
The observed abundance of sea lice in all closed cages with smolts
was close to zero (Fig. 3, Tables 2, 3, 5, 8), and this was repeated in 6
closed cages (Cages no. 1, 6, 17, 18, 19, 20) throughout three different
production periods (Tables 3, 5, 8), at two different sites (Sites 1 and
4) and with reference groups in 4 open cages (Cages no. 2, 7, 15, 16)
at Site 1 and Site 3. The presence of infective sea lice larvae in the surface
water around the closed cages (Cages no. 1 and 6) at Site 1 was con-
ﬁrmed by permanent sea lice infestation and periods with high abun-
dance in reference groups in the open cages at the same site (Fig. 3,
Tables 2, 3, 5). At Site 4 there were no open cages as the permit for
this site was for closed cages only. The reference cages (Cages no. 15
and 16) were located at Site 3, both with a low abundance (0.05 to
0.20) of sea lice (Tables 2 and 8). These cages were also stocked with
cleaner ﬁsh and received one chemical treatment. The inlet water of
the closed cages was pumped from 25 m depth and was not ﬁltrated
or otherwise treated to remove sea lice, and on the surface, the cages
were covered only by a net to keep out predatory birds. The closed
cages were modelled to withstand waves of 0.75 m and located at two
sheltered sites. Still, during winter seasons all sites were exposed to vi-
olent stormswith thewind occasionally exceeding 30m·sek−1, and the
cages were occasionally covered in spray. Thus, it is likely that the sole 2
sea lice found in 2 of the 6 closed cages stockedwith smolts (Cages no. 6
and 18, Fig. 3, Tables 5 and 8) were either introduced through the inlet
water, by contamination from the surface, or from the equipment used
for sea lice counting. It is not likely that lice were introduced into the
cages during stockingwith smolts. Earlier studies have showed reduced
abundance of sea lice when the contact between farmed salmon and
surface water was restricted (Grøntvedt and Kristoffersen, 2015;
Hevrøy et al., 2003; Korsøen et al., 2012; Stien et al., 2016). The results
of our study show that ﬂoating enclosures with a ﬁxed intake depth
below the vertical dispersion range of infective copepodites provide suf-
ﬁcient protection against sea lice.
The abundance of sea lice was higher in the 5 closed cages stocked
with post smolts than in the closed cages stocked with smolt. However,
the corresponding open control cages showed much higher lice counts
and were continuously treated to keep the abundance in accordance
with the legislation. The challenge with use of different sea sites and
possibilities of surface contamination also applied to the post-smolt
cages. During the project period, there were no serious technical acci-
dents leading to increased risk of sea lice infestation in the closed
cages. Still, sea lice may be introduced by management practices such
as stocking cages with infested ﬁsh (Cage no. 12) or exposure to surface
water during management procedures such as transfer of ﬁsh between
cages (Cages no. 3, 8, 9, 13). As the post-smolt grew from100 g to 5000 g
in the closed cages, it was necessary to split the biomass at least once
during the production cycle. During this procedure, the salmon from
49A. Nilsen et al. / Aquaculture 466 (2017) 41–50the closed cages were loaded into well boats (Picture 3) with continu-
ous water exchange from the surface water outside the cages (2 m
depth). The water volumes from the well boats were also unloaded
into the new closed cages together with the ﬁsh, as the well boats had
no technology available to ﬁltrate the water intake or discharge. Thus,
these operations exposed the salmon to surface water with a possible
high concentration of infective sea lice. The low sea lice abundance in
the similar cages stocked with smolts, makes it likely that the infesta-
tions in the closed post-smolt cages are due to stocking from an open
cage or from the limited exposure to surface water during the well
boat procedures.
When the infestation was established, a steady supply of chalimii
should have been detected if the environment inside the closed cages
allowed sea lice to develop into the infective stage and complete its
life cycle within the cages. However, only one chalimus was found in
(Cage no. 13, 18 days after stocking), indicating that a self-sustaining in-
fection had not been developed in any of the closed cages with post-
smolt. The abundance remained low, and it was never necessary to
treat against sea lice in any of the closed cages. Adult sea lice are able
to live at least 6 months on their hosts (Hevrøy et al., 2003), and if the
infestation occurred during stocking, this could explain the duration of
moderate sea lice abundance in the closed cages, even with the ab-
sence of chalimii. In one closed cage (Cage no. 12) we found a low
and continuous abundance of preadult and adult sea lice, but also
here chalimii were absent. This group of ﬁsh was exposed in an
open cage for a longer period (from November 2013 to April
2014) before they were moved to the closed cage. The prevalence
may have been higher in this group compared to the groups
moved between closed cages, and this could explain why preadult
and adult sea lice were detected for a much longer period in this
cage. In the closed cages, the water exchange rate ranged from
120 to 250 min. The nauplii of L. salmonis hatch from released egg-
strings and moult into infective copepodites after 50 degree-days
(Boxaspen and Naess, 2000; Stien et al., 2005), while the third and
infective planktonic copepodite stage lasts approximately another
100 degree-days. For C. elongatus it takes 36 to 41 degree-days to
develop from eggs to infective copepodites (Pike et al., 2006). The
magnitude of water exchange in the closed cages would most likely
make it difﬁcult for lice to hatch and develop into the infective stage
before they were ﬂushed out of the system, thus terminating the life
cycle within the cage. The lack of sea lice reproduction inside the
cages may also have been caused by mate limitation. Sea lice were
counted on juvenile salmon migrating past salmon farms in British
Columbia, Canada (Krkošek et al., 2012). The study showed that
mate limitation occurs for salmon lice and that there is a limited
scope for increase in parasite survival at low abundances. Regard-
less of the mechanisms behind the low reproductive success, it ap-
pears that the environment inside the closed cages is able to cope
with at least small infestations of lice.
Future research should include more speciﬁc modelling of the verti-
cal dispersion range of copepodites on the sea sites and studies of the ef-
fect of different levels of sea lice infestation in the closed cages.
5. Conclusions
Farming of Atlantic salmon in closed, ﬂoating cages with water in-
take at 25 m offers an effective protection against sea lice (L. salmonis
and C. elongatus). When sea lice were introduced into closed cages, no
signs of reproduction or continuous infection were recorded. Prelimi-
nary production data indicates that production in closed cages could
give acceptable survival and growth rates compared to traditional
open cages. Further studies on technical stability, water quality, ﬁsh
welfare and biological and economical results are necessary to evaluate
the sustainability of this new cage technology.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.aquaculture.2016.09.009.Acknowledgements
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